Abstract-In the present study, relationships between changes in the solubility and speciation of metals in contaminated soils under different pH regimes and their toxicity to earthworms were investigated. Earthworms (Lumbricus rubellus) were exposed in a laboratory bioassay to metalliferous soils under three pH regimes: Unamended pH, pH lowered by one unit (pH Ϫ1), and pH increased by one unit (pH ϩ1). In each soil, total (hot nitric acid-extractable) and 0.01 M CaCl 2 -extractable metal concentrations were measured and soil pore-water chemistry analyzed to allow metal speciation to be modeled using the Windermere Humic Aqueous Model. Earthworm metal accumulation was determined and toxicity assessed by measuring survival and reproduction and at the molecular level by recording expression of the gene encoding metallothionein-2 (MT-2) using quantitative reverse transcriptasepolymerase chain reaction. Both metal solubility and speciation were found to be highly pH dependent. Metal accumulation in earthworms was influenced by soil concentration and, in some cases (e.g., Cd), by pH. Reproduction was affected (reduced up to 90%) by soil metal level, pH, and their interaction. Relationships between analyzed and calculated Zn concentrations and toxicity and between analyzed and calculated Cd concentrations and tissue accumulation and MT-2 expression were compared by fitting dose-response models and assessing the fit of the data. This analysis indicated that values based on a pH-adjusted free ion concentration best explained toxicity (r 2 ϭ 0.82) and accumulation (r 2 ϭ 0.54). Expression of MT-2 was, however, poorly correlated ( p Ͼ 0.05) with all analyzed and modeled soil metal concentrations.
INTRODUCTION
Variations in soil properties can alter the partitioning of chemicals [1, 2] . As a result, uptake and toxicity of chemicals in soil-dwelling organisms are governed not only by the total concentration present but also by the soil conditions [3] [4] [5] [6] . An understanding of the influence of soil properties on chemical toxicity is, thus, a prerequisite for accurate prediction of the site-specific risks of toxic chemicals in soil ecosystems.
The importance of soil properties in modulating bioavailability has led to the development of modeling approaches that describe the important soil-chemical interactions. For lipophilic organic chemicals, the equilibrium-partitioning concept has been applied. This approach assumes that dermal uptake of the fraction of the chemical present in pore water is the main route of exposure [7] . Recently, Jager et al. [1] demonstrated that intestinal uptake contributes significantly to the accumulation of organic chemicals in earthworms; nevertheless, the equilibrium-partitioning concept remained valid.
For metals, a diversity of modeling approaches have been developed to assess partitioning and speciation in soils. All are based on simulation of interactions between the metal ion and ligands on particles and in soil solution. One of the most well-developed speciation models is the Windermere Humic Aqueous Model (WHAM). Designed to calculate equilibrium chemical speciation in surface waters and groundwaters, sed-iments, and soils, WHAM combines a humic ion-binding model with a simple inorganic speciation code for aqueous solutions. The model is designed to take into account the precipitation of Al and Fe oxides, cation exchange on an idealized clay mineral, and adsorption-desorption reactions of fulvic acid. The model was developed initially by Tipping [8] , and it has been used to study speciation under a range of water and soil conditions. Recently, attempts have been made to establish a link between metal speciation and toxicity for soil species. That work has indicated the important role that the free metal ion may play in defining toxic effect [2, 9, 10] .
To investigate how metal speciation chemistry influences toxicity for soil species, the present study uses WHAM to interpret how changes in soil conditions alter speciation of metals and their uptake and toxicity for earthworms (Lumbricus rubellus). For the present study, worms were exposed to metalliferous-contaminated field soils under three pH treatments: Unamended pH, pH lowered by one unit (pH Ϫ1), and pH increased by one unit (pH ϩ1). In each soil, environmental availability was assessed by measuring total and extractable metal concentrations and by analyzing soil pore-water properties to allow metal speciation to be modeled. Earthworm metal accumulation was analyzed to determine biological availability and the effects of exposure on the induction of the intracellular metal detoxification system assessed by recording changes in the expression of a gene that encodes the metalbinding protein metallothionein-2 (MT-2). Toxicity also was assessed at the whole-organism level by measuring survival and reproductive rate.
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MATERIALS AND METHODS

Site selection and collection of test soils and procedures for use in the bioassay
Soils were collected in March 2002 from three sites under the deposition plume of a primary Cd, Pb, and Zn smelter located at Avonmouth, southwestern England [11] . The sites were located at different distances (site 1, 8.2 km; site 2, 3.2 km; site 3, 1.5 km) along a transect from the smelter, which had been studied intensively in previous work [12] . The soil at each site was a clay loam of circumneutral pH, with a losson-ignition (LOI) of approximately 10% (for a detailed description, see Filzek et al. [12] ). At each site, approximately 20 kg of soil was collected from the top 10 cm after removal of plant material and the litter and fragmentation layers. The soil was mixed on site and then returned to the laboratory, where it was dried to constant weight at 60ЊC. Next, aggregates were crushed mechanically (being careful to clean the equipment between samples) and sieved through a 2-mm mesh. Samples for analysis of pH, percentage LOI, and water-holding and field capacity were taken at this point. Finally, 1.5 L of each test soil was placed into the experimental containers (polypropylene ice-cream containers, 180 ϫ 180 ϫ 93 mm). Four replicates were used for each site-and-treatment combination.
The unamended pH soils for each site were prepared by simply rewetting to approximately 60% of water-holding capacity as determined using an established method [13] . To increase soil pH by one unit (pH ϩ1), powdered calcium carbonate was added in a quantity determined for each soil during trials conducted before the main experiment. Soils were then rewetted with a similar amount of water as added to the unamended pH soils. For the soil with pH lowered by one unit (pH Ϫ1), 0.125 M H 2 SO 4 was added in an amount calculated during preliminary studies conducted for each soil. Soils were then wetted to 60% water-holding capacity. Immediately after amendment, soil pH was measured in each replicate. Soils were then left to stabilize for one week, after which pH was measured again and the earthworms were introduced. Soil pH was further monitored on a weekly basis throughout the duration of the exposure.
The earthworms used in the present study were L. rubellus from a field-collected source and kept for one month in an uncontaminated culture medium. At the start of the test, fully mature adults weighing 500 to 1,500 mg were sorted from the soil, washed, and weighed individually, and eight worms were added to each replicate. Containers were then covered to limit water loss and kept at 15 Ϯ 1.5ЊC (maximum and minimum range) in a 16:8-h light:dark photoperiod for 42 d. At the start of the experiment, 5 g (dry wt) of suitable food (dried horse manure rewetted to 80% moisture content) was added to each container by spreading on the soil surface. At each sample interval (7, 14, 21, 28, 35 , and 42 d), the relatively small amounts of excess food were removed and 5 g of fresh food added. The addition of this food may have had an effect on the organic content of each soil and, thus, on availability (this was not quantified); however, food addition was necessary to enable a high rate of cocoon production during the test.
Earthworm mortality was assessed every 7 d. Cocoon production was determined by wet-sieving the soil, collecting all cocoons, and comparing this number to the survival data to allow calculation of the cocoon production rate (cocoons/ worm/week). At the end of the experiment, surviving worms were maintained on filter paper for 48 h to allow them to void any soil in the gut. Whereas the effects of this incubation on MT-2 expression remains unknown, allowing egestion of gut contents both eased the preparation of the worms for measurement of gene expression and limited the contamination of body tissue metal determinations by metal associated with soil in the gut. Worms were then flash-frozen in liquid nitrogen and stored at Ϫ80ЊC to await processing for gene expression quantification and metal residue analysis. Further soil and pore-water samples for chemical analysis were collected at this time.
Expression of the gene encoding the MT-2 protein was determined in three worms from each replicate container (if sufficient surviving worms were available) by quantitative reverse transcriptase-polymerase chain reaction (Q-RT-PCR) using the fluorogenic 5Ј nuclease assay as described by GalayBurgos et al. [14] . The assay was performed with the TaqMan PCR reagent system on ABI PRISM 5700 Sequence Detector (PE Biosystems, Warrington, UK). For collection of mRNA, 50 Ϯ 2.5 mg of caudally amputated earthworm tissue was isolated in 1 ml of target capture system lysis solution (Molecular Light Technology, Cardiff, UK). Samples of mRNA were isolated from homogenates using polythiaminated magnetic beads on a Target Capture System (Molecular Light Technology) operated according to manufacturer's protocol and then collected into 100 l of RNase-free water. First-strand synthesis was conducted using 5 l of this isolated mRNA using Moloney murine leukemia virus reverse transcriptase (Sigma Chemicals, Poole, UK) primed by polythymine (15-thymine) and random hexamer oligonuleotides.
All quantifications were conducted against a series of stock plasmid preparations. Plasmid stocks were selected, because these can be quantified more accurately than PCR products [15] . Standards were prepared according to the method described by Galay-Burgos et al. [14] and were included in each series of Q-RT-PCR reactions to allow quantification of the unknown samples by regression analysis. Measurements were conducted on 1 l of either standard plasmid DNA or the individual worm cDNA using the reagent mixes and reaction conditions detailed by Galay-Burgos et al. [14] . Three repeat quantifications were made for each individual worm cDNA. If one repeat was more than an order of magnitude lower than the two remaining analyses, that value was assumed to have resulted from a failed PCR reaction and was removed from the data set.
In Q-RT-PCR studies, it is usual practice to normalize quantification of the target gene to account for differences in the amount of template present. For this, parallel quantification of a ''control'' (i.e., nonresponsive) gene can be employed [15] . In the present study, measurements of ␤-actin (a commonly used control gene) were made in all samples using the primers, probes, and reaction conditions detailed in Galay-Burgos et al. [14] , with the intention of using these data for normalization. Analysis of data showed that normalization of MT-2 expression against that for ␤-actin, in fact, failed to reduce the variability either between worms within replicates (coefficient of variation for MT-2 only, 2.18; coefficient of variation for MT-2 normalized against ␤-actin, 2.76) or between treatment replicates (coefficient of variation for MT-2 only, 0.94; coefficient of variation for MT-2 normalized against ␤-actin, 1.00). For these reasons, data were not normalized. Instead, expression is presented as unnormalized MT-2 quantity given in molecules of cDNA per microliter (with each microliter of sample equivalent to the cDNA derived from 0.5 mg of tissue). The absence of a normalization step is justified by use of a similar weight of tissue for initial RNA isolation and use of the same volume of captured RNA solution in identical reverse-transcription reactions conducted simultaneously using enzymes, nucleotides, and primers taken from single batches.
Soil and worm metal analyses and speciation modeling
Total concentrations of six metals (As, Cd, Cu, Hg, Pb, and Zn) were analyzed in each site soil before pH amendment. For each soil, four replicate samples, each containing 1 g of the relevant soil, were digested in 20 ml of 5 M nitric acid and then made to 100 ml with distilled water. Solutions were analyzed for Cd, Cu, Pb, and Zn by flame atomic adsorption spectrophotometry (AAS; Varian Spectra 30, GTA 95, Varian, Oxford, UK). Analysis for Hg was by cold-vapor AAS. The As analysis was conducted using inductively coupled plasmaoptical emission spectroscopy (ICP-OES). During all analyses, appropriate quality controls, including spikes, preparation of blanks, and standard reference material (estuarine sediment BCR certified reference material 277), were analyzed as part of routine quality-assurance procedures. Spiked samples indicated over 100% recovery for all analyzed metals (between 102 and 119%). Concentrations in the standard reference material were well within the prediction intervals of the certificate values in all cases except Cu and Zn, which were marginally below (but within 20%) of the certified value. The good recoveries found in the spiked samples meant that Cu and Zn were not, however, corrected to account for this.
Extraction by a weak CaCl 2 solution was used to evaluate easily soluble metal concentrations as a potential predictor of bioavailability to earthworms in all replicates of each site and pH combination. Samples were collected from 5 g of wet soil using 50 ml of 0.01 M CaCl 2 . Soils were shaken at 200 rpm for 2 h and then placed in an acid-washed centrifuge tube and spun at 3,000 rpm for 10 min. Samples were then filtered through a 0.45-m membrane, acidified by adding 50 l of concentrated HNO 3 , and stored to await analysis for As, Cd, Cu, Hg, Pb, and Zn using the same analytical methods (AAS and ICP-OES) used for the nitric acid digests. Suitable spike and standard reference material were not available for these analyses.
Concentrations of As, Cd, Cu, Hg, Ni, Pb, and Zn also were analyzed in approximately 1 g of worm tissue homogenate prepared from a pooled sample of all surviving worms. Digestions of tissue samples were conducted according to the method described by Hopkin [16] . Briefly, the 1 g fresh weight of worm homogenate was dried to constant weight. Tissue was then digested in 2 ml of 5 M nitric acid and made to 20 ml with distilled water. Atomic adsorption spectrophotometry and ICP-OES were then used to analyze concentrations of the relevant metals. Spikes, blanks, and standard reference material (pig kidney BCR CRM 186) were all determined as part of routine quality-assurance procedures. Spiked samples indicated near 100% recovery for all analyzed metals (between 105 and 114% except for As, for which recovery was high [143%]). Measured concentrations in standard reference material were within 20% of the midpoint of the certified concentrations in all cases (within 10% in 25 of 30 cases).
To allow calculation of free metal-ion concentrations in the replicates of each site soil and pH-amendment combination, the WHAM VI model [17] was used. To provide input to the model, a full characterization of the concentrations of soil solution cations, anions, dissolved organic carbon (DOC), and pH were made. Pore-water samples for these analyses were collected from each replicate using Rhizon samplers (Van Walt, Haslemere, UK) on termination of the exposure. A total of 50 ml of pore water was collected, with half being acidified by addition of 50 l of HNO 3 and used for major cation and metal analysis and the remainder being left unamended and used for analysis of major anions, DOC, and pH. Soil solution concentrations of Na, Mg, K, Ca, Cl, NO 3 , and SO 4 were analyzed by high-performance ion chromatography using a modular Metrohm system (Metrohm AG, Herisau, Switzerland) with a 732 IC detector. The metals Al, Cu, Zn, Cd, and Pb were analyzed with inductively coupled plasma-mass spectrometry (ELAN DRC II; Perkin-Elmer, Boston, MA, USA) using independent Instrument Check Standards (SPEX Certiprep, Metuchen, NJ, USA). Dissolved organic carbon was determined using a Dohrmann DC-190 machine (Dohrmann, Mason, OH, USA) with an in-house standard solution of humic acid (Sigma-Aldrich, Gillingham, UK) for quality-control purposes. Pore-water pH was analyzed using a GK2401C combination electrode (Radiometer Analytical SAS, Lyon, France) calibrated using National Institute of Standards Technology traceable buffer solutions of pH 4.0 and 7.0 (VWR International, Poole, UK). The pH analyses were made following the principles described by Covington et al. [18] .
RESULTS
Soil pH amendment
All three site soils could be categorized as clay loams. Analyzed pH values in the three site soils before amendment were as follows: Site 1, 5.43; site 2, 6.44; and site 3, 6.15. Measurement of pH indicated a slight increase in these values over the 42 d of the exposure in the unamended pH soils (site 1, 5.43-5.66; site 2, 6.44-6.67; site 3, 6.15-6.23). The soil amendments successfully raised and reduced pH by approximately one unit as intended (difference of median pH after treatment for pH Ϫ1: Site 1, 0.9; site 2, 0.79; site 3, 1.075; difference of median pH after treatment for pH ϩ1: Site 1, 1.54; site 2, 0.73; site 3, 0.84). In the pH ϩ1 treatments, monitoring over the duration of the test indicated that the pH difference with the unamended soil was maintained throughout the test (range of median values: Site 1, 6.97-7.03; site 2, 7.01-7.17; site 3, 6.82-7.05). In the pH Ϫ1 treatment, the reduction in pH was stable in the site 1 soil (range of median values, 4.32-4.59). In the site 2 and 3 soils, however, some equilibration occurred, with pH returning to closer to the unamended pH value over the six-week duration. In the final week of the exposure, median pH for the pH Ϫ1 soil for sites 2 and 3 was lower than that for the unamended soil by only 0.4 and 0.2 units, respectively.
Metal concentrations in total and reactive soil extracts and predicted free ion concentrations
Total concentrations of six metals (As, Cd, Cu, Pb, Hg, and Zn) were analyzed in samples from each site soil (Table 1) . For As and Hg, levels close to known background were found, and no differences were observed in soil concentrations (analysis of variance [ANOVA], p Ͼ 0.4). For all four remaining metals, concentrations were different between sites (ANOVA: Cu, p Ͻ 0.002; Cd, Pb, and Zn, p Ͻ 0.001). For Cu and Pb, concentrations were higher at site 2 than at site 3, with both being more contaminated than the soil collected farthest from the smelter (site 1). Soil concentrations of Cd and Zn increased with proximity to the smelter in the following order: Site 1 Ͻ site 2 Ͻ site 3. At each site, concentrations were highest for Zn, then Pb, and finally, Cd. Although a decline was found in total soil metal content with distance from the source, site 1 soil was still contaminated with concentrations of Cd, Pb, and Zn above background [19] . This contamination is derived from a combination of deposition from the distant smelter and local diffuse sources. Because Cd, Pb, and Zn dominated contamination in the soils, the remainder of the analyses were focused on quantification of extractable and modeled free ion concentrations for these metals. Only Cd and Zn were always present at detectable concentrations based on flame AAS analysis of the CaCl 2 extracts. Lead concentrations in some extracts were below the flame detection limits (3.95 g/g) in a number of samples, precluding detailed statistical analysis. For Cd, a two-way ANOVA demonstrated a significant effect of site ( p Ͻ 0.001), pH treatment ( p Ͻ 0.001), and their interaction ( p Ͻ 0.001) on extractable concentrations. Extractable Cd was significantly higher (Tukey, p Ͻ 0.003) at site 3 than at either site 1 or site 2 and was significantly higher (Tukey, p Ͻ 0.01) at pH Ϫ1 than at unamended pH and pH ϩ1, which could not be separated (Tukey, p ϭ 0.4). For Zn, ANOVA indicated a significant effect of site ( p Ͻ 0.001) and pH amendment ( p Ͻ 0.001). Extractable Zn concentrations were significantly higher (Tukey, p Ͻ 0.001) at site 3 soil than at either site 1 or site 2 and were significantly different (Tukey, p Ͻ 0.001) from each other for all three pH regimes. A significant site ϫ pH interaction for Zn (Tukey, p Ͻ 0.001) also was found.
Free metal-ion concentrations were modeled using WHAM VI from analyzed values for a suite of soil solution chemical parameters (concentrations of Na, Mg, Al, K, Ca, total Cu, total Zn, total Cd, total Pb, Cl, NO 3 , SO 4 , DOC, and porewater pH). The soil solution speciation of Fe(III) was modeled by assuming equilibrium with Fe(OH) 3 , and the ion-binding properties of the DOC were modeled by assuming it to comprise 65% active fulvic acid, both following Tipping et al. [17] . Modeled free ion concentrations were analyzed to establish the effects of site and pH amendment after log transformation. A significant effect of site on modeled free ion concentration was found for Cd 2ϩ and Zn 2ϩ (ANOVA, p Ͻ 0.002). Post-hoc analysis indicated that free ion concentrations for both metals were significantly higher (Tukey, p Ͻ 0.02) in soil closest to the smelter than in soil from either site 1 or site 2, which could not be separated (Tukey, p Ͼ 0.5). Soil pH significantly affected free ion concentrations for Cd 2ϩ , Pb 2ϩ , and Zn 2ϩ (Tukey, p Ͻ 0.001). Modeled Cd 2ϩ and Pb 2ϩ concentrations could be statistically separated in all three pH regimes (Tukey, p Ͻ 0.037) being highest at pH Ϫ1 and lowest at pH ϩ1, whereas for Zn 2ϩ , concentrations were significantly higher (Tukey, p Ͻ 0.001) at pH Ϫ1 than at unamended pH and pH ϩ1, which could not be separated (Tukey, p ϭ 0.051).
Biological responses
Survival of earthworms over the exposure is shown in Figure 1 . Survival ranged between 100% (site 3, unamended pH) and 40.6% (site 4, pH Ϫ1). Two-way ANOVA indicated no significant effect of site on survival. For pH, though, the effect was close to significant ( p ϭ 0.07), suggesting that (possibly with prolonged exposure) L. rubellus may be intolerant of low pH soils, or at least of the pH amendment regime used in the present study.
Mean cocoon production rates (Fig. 2 ) in soils from sites 1 and 2 under some pH conditions (unamended pH and pH ϩ1) were consistent with previous work (see, e.g., [20, 21] ). Two-way ANOVA indicated a significant effect of site ( p Ͻ 0.001) on reproduction. Tukey post-hoc comparison showed that cocoon production at site 3 was significantly lower ( p Ͻ 0.001) than at sites 1 and 2, which could not be separated ( p ϭ 0.5). A significant effect (ANOVA, p Ͻ 0.001) of pH on cocoon production also was observed. Post-hoc comparison (Tukey) indicated that rates were significantly lower ( p Ͻ 0.001) at pH Ϫ1 than at unamended pH and at pH ϩ1, which could not be separated ( p ϭ 0.49). This indicates an effect of the acidification treatment, but not of calcium carbonate addition, on cocoon production rate when compared to the unamended pH treatments. As well as this direct effect of pH on fecundity, a significant interaction in the ANOVA ( p Ͻ 0.006) Environ. Toxicol. Chem. 25, 2006 D.J. Spurgeon et al. between soil and pH was found. This was caused by a difference in pattern of cocoon production between treatments, with rates in the site 2 soil being more comparable with that in the site 3 soil at pH Ϫ1 but actually higher than that at the site 1 soil at unamended pH (Fig. 2) . The effect of each exposure scenario on the induction of intracellular metal detoxification system was assessed by Q-RT-PCR of MT-2 gene transcripts (Fig. 3) . Comparison of expression in exposed worms with that for worms taken from clean culture indicated higher transcript levels in all combinations of site soil and pH treatment except the pH ϩ1 treatment at site 1. The MT-2 transcript ratios compared to culture controls (treatment mean/culture mean) were 0.7 to 1.47 for site 1, 1.88 to 4.75 for site 2, and 6.22 to 9.03 for site 3. High variation in MT-2 expression of individual worms was found within and between replicates (average coefficient of variation for treatments, 0.94); despite this, a two-way ANOVA of mean replicate MT-2 expression showed a significant effect of site ( p Ͻ 0.02) but not of pH ( p ϭ 0.44). Post-hoc comparison indicated significantly higher ( p Ͻ 0.015) MT-2 transcripts in worms exposed to site 3 soil compared to worms exposed to site 1 soil.
Determination of tissue metal residue concentrations indicated that Cd, Pb, and Zn were all present at detectable concentrations in worms exposed to all soil and pH amendment combinations. Influence of site and pH on tissue metal burden were analyzed by two-way ANOVA after log-transformation to ensure normality of the data. For Cd, a significant effect of both site ( p Ͻ 0.001) and pH ( p Ͻ 0.005) was seen, but the interaction was not significant ( p ϭ 0.13). The Tukey test showed that tissue Cd was significantly ( p Ͻ 0.003) lower in worms kept in soil from site 1 than in worms kept in soil from sites 2 and 3, which could not be separated ( p ϭ 0.13). Tissue Cd was significantly ( p Ͻ 0.007) lower for pH ϩ1 than for unamended pH or pH Ϫ1. For tissue Pb, ANOVA showed a significant effect of site ( p Ͻ 0.001), with significantly lower (Tukey, p Ͻ 0.001) Pb concentrations in worms exposed to site 1 soil than in worms exposed to soil from either site 2 or site 3. No significant effect of pH was found (ANOVA, p ϭ 0.35). The interaction was, however, significant (ANOVA, p Ͻ 0.001) because of changes in the pattern of accumulation at unamended pH and pH ϩ1. For Zn, a significant effect of proximity to the smelter was found (ANOVA, p Ͻ 0.01), with tissue concentrations significantly (Tukey, p Ͻ 0.008) lower for worms exposed to soil from site 1 than for worms exposed to soil from site 3. Soil pH regime had no significant effect on tissue Zn (ANOVA, p ϭ 0.16), but the interaction was just significant (ANOVA, p ϭ 0.05).
To investigate if analyzed and modeled metal concentrations can aid the understanding of the biological consequences of exposure, reproductive toxicity responses (cocoon/worm/ week) were fitted against Zn concentration in the total (hot nitric acid-extractable), exchangeable (0.01 M CaCl 2 -extractable), and free ion (WHAM-modeled Zn 2ϩ ) pools. Relationships for toxicity focused on Zn, because in studies to establish the effects of Cd, Cu, Pb, and Zn in comparison to the concentrations of these metals in soils around the Avonmouth smelter, Spurgeon and Hopkin [22] as well as Hopkin and Hames [23] concluded that Zn is most likely to be causing the observed toxic effects of earthworms and isopods at the smelter site. The same conclusion was drawn by Posthuma et al. [24] in similar work conducted in soils contaminated by a Zn smelter in The Netherlands. The approach of considering only the most toxic metal present is pragmatic and recognizes the difficulty in predicting the precise combined effects of metal mixtures [25] . Furthermore, because the major contaminant metals (Cd, Cu, Pb, and Zn) are strongly co-correlated along the gradient [26] and, as a result, in the metal fraction in the different treatments (e.g., r 2 Ͼ 0.76 for modeled free ion concentration), it was not feasible to use separate analysis of fitted relationships to assess which of the metals present are of greatest importance for determining toxicity. This co-correlation does, however, mean that the relationships for Zn are consistent with those for other metals and, importantly, for combined total metal stress.
To derive relationships for toxicity, the direct effect of pH on cocoon production (see Fig. 2 ) was first removed by normalizing cocoon production rate against the site 1 mean value for that pH. Relationships between pH-normalized cocoon production rates and treatment mean Zn concentration in each soil fraction were then described by least-squared fitting of a lo- Fig. 4 . Fitted logistic relationships between mean treatment cocoon production rate (normalized against the site 1 mean cocoon production rate at each pH to remove the direct effect of pH) and mean measured or modeled Zn concentrations in four soil fractions: (a) total Zn in a hot nitric acid digestion, (b) Zn extracted in a weak (0.01 M) CaCl 2 solution, (c) predicted free Zn 2ϩ ion concentration modeled from a range of measured soils characteristics using Windermere Humic Aqueous Model (WHAM) VI, and (d) WHAM VI modeled Zn 2ϩ adjusted to remove the ''protective'' effect of H ϩ ions based on the relationship described by Lofts et al. [28] .
gistic regression model and the agreement of the data set with this model, evaluated using the correlation coefficient (Fig. 4) . Compared to the fit for total Zn (Fig. 4a ) (r 2 ϭ 0.55), using CaCl 2 -extractable Zn (Fig. 4b) did not improve the fit of the data to the dose-response model (r 2 ϭ 0.51), indicating that measurement of Zn in the CaCl 2 extract was a less appropriate indicator of toxicity than total Zn (r 2 ϭ 0.44). Fitting modeled free Zn 2ϩ concentration against cocoon production rate also failed to improve the prediction of toxicity compared to total Zn, although this was caused principally by one outlier that if removed resulted in an improved relationship compared to total Zn (Fig. 4c) . On further inspection, this outlier was found to be for the treatment combination of site 1 and pH Ϫ1. Comparison of the pore-water pH for this soil indicated that aqueous pH was lower than that in all other treatments by at least 1.3 pH units (nota bene: the relative low pH of this soil occurred as the pH modification was maintained in this soil, but not the acidified soil from sites 2 and 3). Previous work with plants and soil invertebrates has shown that low soil solution pH can offer protection against the toxicity of metal ions [2, 27] . For Zn, Lofts et al. [28] used an empirical regression-based approach to quantify this effect. A protective value of low pH equivalent to 0.34 log 10 Zn 2ϩ per pH unit was calculated based on the toxicity data for diverse species in different soil types available in the literature. Based on this protective effect, the analyzed soil water pH was used to convert the calculated Zn 2ϩ concentrations for each soil to their toxic-equivalent free Zn 2ϩ concentrations at pH 7.0. Logistic fitting of the pH-adjusted free Zn 2ϩ concentration against normalized cocoon production rates indicated a greatly improved fit (r 2 ϭ 0.82) of the logistic model with observed reproductive toxicity (Fig. 4d) . This indicates that the best descriptor of metal toxicity is given from the free ion concentration, with a dependence on the protective effect of H ϩ ions. Cadmium was used to investigate which soil metal pool was the best predictor of toxicological availability (Fig. 5) , because Cd is known to be strongly accumulated by earthworms [6, 29] and also is a potent transcriptional inducer for the MT-2 gene [30, 31] . Comparison of log 10 earthworm Cd concentration with log 10 total (Fig. 5a) , CaCl 2 -extractable (Fig.  5b) , free Cd 2ϩ (Fig. 5c) , and pH-adjusted Cd 2ϩ (nota bene: adjusted to reflect a protective effect of low pH equivalent to 0.43 log 10 Cd 2ϩ per pH unit, as found by Lofts et al. [28] ) (Fig.  5d ) using a linear-regression model indicated that, as was the case for toxic effects on cocoon production, 0.01 M CaCl 2 free Cd 2ϩ ( p ϭ 0.29, r 2 ϭ 0.04), and pH-adjusted free Cd 2ϩ ( p ϭ 0.21, r 2 ϭ 0.05) were not significant, and all failed to improve on the weak but near-significant relationship with total Cd ( p ϭ 0.09, r 2 ϭ 0.09). The weak relationship of MT-2 expression with total Cd was, in part, an artifact of the low Cd concentrations in soil from site 1 and similar concentrations in the soil from sites 2 and 3 (meaning it was effectively a regression between two points), although it also reflected the finding that MT-2 expression was significantly influenced by proximity to the smelter and not by pH amendment or the interaction.
DISCUSSION
Earthworms are ideal organisms for assessing the toxicity of contaminants to soil-dwelling species, because they are in intimate contact with the solid and pore-water phase of the soil and, thus, are exposed in a manner representative of many soil species, including bacteria, plants, and soft-bodied invertebrates. Previously, it has been shown that earthworms will respond differently to the same concentration of a chemical under different soil conditions and that soil chemistry and partitioning models can help to explain such dependencies [32] . In the present study, the responses of earthworms to metals in contaminated soils under different pH regimes have been examined. In particular, the relationships between changes in the solubility and speciation of the metals present and their availability and toxicity have been investigated.
Modification of metalliferous field soils both to increase and to reduce pH by one unit altered the 0.01 M CaCl 2 -extractable metals levels, with higher concentrations in the pH Ϫ1 soil and lower concentration at pH ϩ1 soil. It is well established that reductions in soil pH can increase the mobilization of metals, whereas the reverse is true for pH increases. This effect is derived via the substitution of metals bound to ligands associated with the solid-phase fraction of the soil (clay minerals and organic matter) by H ϩ ions, thereby releasing metal ions into the soil solution. The pH regime also altered metal speciation, with significantly higher concentrations of the free ion predicted in soil pore water at low pH [33] .
Both Oste et al. [34] and Saxe et al. [29] have shown that changes in solubility and speciation are essential factors in explaining metal concentrations in earthworm tissues. In the present study, differences in total, extractable, and free ion concentrations of Cd, Pb, and Zn in the different site soils, pH combination was associated with significant changes in the concentrations of these metals in the tissues of exposed earthworms. For all metals, a significant effect of distance from the smelter was found, whereas a significant effect of pH was found only for tissue Cd, suggesting a link between changes in solubility and resulting exposure and uptake for this metal alone. The dependence of tissue Cd, but not Pb, concentrations on pH is in accordance with the results of Janssen et al. [35] , although for Zn, those authors found a significant effect of pH on tissue concentrations that was not found in the present Effect of pH on metal speciation and toxicity Environ. Toxicol. Chem. 25, 2006 795 study. In direct contrast to Janssen et al. [35] , Morgan and Morgan [6] did not find a dependency of either tissue Cd or Zn on pH, but tissue Pb concentration was found to be pH dependent. A possible explanation for these differences are that Morgan and Morgan [6] considered a wider variety of soil types than either Janssen et al. [35] or the present study. These contrasting results concerning the effect of pH on tissue metal concentrations suggest a complex relationship that may be dependent on the range of pHs considered. Soil acidification reduced cocoon production, as has been observed in previous work [36] [37] [38] . Presence of a significant site ϫ pH interaction component also indicated an effect of acidity on metal toxicity that is likely to be derived by a pH effect on metal solubility and speciation. This confirms previous findings that soil pH regime can alter the toxicity of metals for soil-dwelling species [39] .
It has been indicated that the toxic effects of metals on soil invertebrates, such as earthworms, are derived primarily by uptake from the soil solution via the dermal membrane [40] , most likely in the form of the free ion [9, 34] . To assess metal solubility and speciation, total and 0.01 M CaCl 2 -extractable Zn, the most important pollutant metal at the smelter site [22, 23] , were analyzed, and free Zn 2ϩ concentrations calculated based on soil solution chemistry. These concentrations were then used to model dose-response relationships for reproductive rate (after adjustment to remove the direct effect of pH). For 0.01 M CaCl 2 -extractable Zn and free Zn 2ϩ , the correlation of the data to the dose-response fits were not improved compared to total Zn. This suggests that extractable Zn and free Zn 2ϩ alone do not provide a better basis for prediction of toxicity in each soil than total Zn concentrations. This finding is inconsistent with previous work (see, e.g., [41] ) and questions the validity of the free ion activity model, which postulates that soil solution free metal-ion concentration should be a better predictor of metal uptake (and, as a result, of toxicity) at the organism-water interface.
The failure of free Zn 2ϩ concentration alone to describe the toxicity in the field soils under pH amendment can be explained in terms of variations in the concentrations of other solution ions, such as Mg 2ϩ , Ca 2ϩ , and in this case, H ϩ in particular [42] . Recently, the biotic ligand model [9, 10] has provided a modeling framework to account for the effects of both solution speciation and the protective effects of solution cations on metal toxicity to freshwater organisms. Because soil species, such as earthworms, are exposed to metals principally from the soil solution, the principles underpinning the biotic ligand model may be expected to apply for these organisms as well [2] . Recently, Lofts et al. [28] have described an empirical regression-based relationship for soil species that considers the protective effect of H ϩ on the toxicity of the free metal ion. A generic relationship was described that quantified this effect at 0.34 Zn 2ϩ per pH unit. Although not specifically calculated to describe the protective effects of hydrogen ions on chronic metal toxicity to L. rubellus, this coefficient was used because it was calculated from a data set of endpoints for multiple species (including earthworms) and, thus, was more likely to be applicable than any value calculated from studies with a single species. Incorporation of this pH protective effect to modeled Zn 2ϩ concentrations improved the fit of free ion concentrations and toxicity to the dose-response model. This indicates that pH-adjusted free ion concentration may be a better predictor for the toxicity of metals to soil species compared with total, extractable, or unadjusted free ion concentrations.
In a approach similar to that used to describe toxicity, the total, extractable, free ion Cd 2ϩ , and pH-adjusted free Cd 2ϩ concentrations were used to describe biological availability as indicated by tissue metal Cd concentrations. This indicated that pH-adjusted Cd 2ϩ also was a better predictor than the total, extractable, or unadjusted free Cd 2ϩ of tissue concentration. This confirms a relationship between free Cd 2ϩ and accumulation, but only when the effect of competing H ϩ ions is considered.
Unlike other parameters, toxicological availability as indicated by MT-2 expression was not significantly linked to pH-adjusted free Cd 2ϩ concentration, being instead weakly related only to total soil Cd. The absence of an improved relationship with pH-adjusted free Cd 2ϩ reflects the absence of a significant influence of pH on MT-2 expression (Fig. 3) . A possible mechanism for the lack of a pH-derived speciation effect on the MT-2 gene could be related to the localization of the cells that express the MT-2 protein in the intestinal wall and surrounding chlorogogenous tissue of earthworms [30] . As a result, the supply of Cd and other metals to the MT-2 promoter may occur through the transfer of Cd across the intestinal tissue rather than through the dermal route. Because the gut content of earthworms is neutralized through the action of the calciferous gland [43] , earthworms have the potential to remove pH differences between soils and, as a result, to buffer expression of MT-2 against changes in metal solubility and speciation in different soils.
The fact that different endpoints (toxicity, tissue accumulation, and detoxification) show different strengths of relationships with analyzed and modeled soil metal fractions suggests different dependencies of individual parameters on soil chemistry. Some responses (e.g., MT-2 transcription) are apparently pH independent, whereas others, such as tissue metal burden and reproductive toxicity, are altered by pH effects on metal speciation and, apparently, by the concentrations of competing ions, such as H ϩ , present in the soil solution. This variation indicates the pressing need to include soil chemical models into existing methods for the risk assessment of metal in soils (and waters) for some response parameters (e.g., toxicity). The work conducted in the present study suggests that for effects assessments, the simple regression-based approach proposed by Lofts et al. [28] can provide a reliable indication of the toxic potential of metal-contaminated soils based only on a relatively simple set of soil chemistry determinations.
